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SUMMARY 
In a d.c. machine the armature reaction reduces 
the total flux per'pole because of saturation effects 
at heavy armature currents. In this project the 
separately excited d.c. motor is modelled by consi-
dering the total flux per pole as a function of 
armature and field currents. The machine model is 
linearized so that it is valid only for small changes 
in the neighbourhood of steady state conditions. 
The machine model when represented in the matrix 
form is a set of first order differential equations 
in which changes in the armature voltage, field voltage 
and load torque are the inputs, whereas changes in the 
armature current, field current and motor speed repre-
sent the response of the machine. 
The parametersof the machine measured are for an 
800 watt Westinghouse generalised machine connected as 
a separately excited d.c. motor. A mechanically coupled 
d.c. machine was used as a d.c. generator to ioad the 
- test machine. Experiments were done for the transient 
and steady state responses of change in armature current 
and speed. 
This machine model is then simulated on a digital 
computer to calculate the time response of change in 
armature current and speed by applying a change in 
field_ voltage and armature voltage. 
ii 
The calculated response of the machine model is 
compared with the experimentally obtained responses of 
the machine. 
Thetwose.ts oi results are found to be similar. 
iii 
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VA Supply voltage 
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Change in field voltage 
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Steady state field current 
Change in armature current 
Change in field current 
Armature resistance 
Brush contact resistance 
Field resistance 
Electrical torque developed by the machine 
Load torque 
Lost torque 
Change in load torque 
Change in electrical torque 
Speed of motor in':reys;m in 
Change in speed of motor in rev;m in 
Moment of inertia 
Cons. t a 11 t .. of friction 
Flux per pole 
Total flux linkage with armature winding 
Total flux linkage with field winding 
Number of poles 
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CHAPTER I 
INTRODUCTION 
The d.c. motor has high capital and maintenance 
costs because it has a copper commutator. On the other 
hand the induction motor is cheap, robust and requires 
for a given rating. Therefore even though the d.c . 
motor has superior speed torque characteristics, the 
induct,.n ) motor replaced d. c. motors especially in 
t;he .. sit_uations. where sparking may cause explosi~n. 3 • 5 
With the advent of thyristors the need for a 
separate rotating machine power unit and, consequently, 
the need for large space is reduced and overall economy 
of machine running is increased because the power unit 
for a.c·.jd.c. conversion becomes much smaller in size, 
. 5 
with reduced cost of maintenance. Also the reliability 
is increased if electronic components such as diodes and 
transistors are used in the control circuit because they 
occupy less space and they are less costly compared to 
7 8 ' motor generator sets. ' Also time and the cost of 
maintenance is reduced. These economies are further 
enhanced by integrated circuits which are rapidly and 
increasingly replacing the conventional electronic 
components. 9 •10 
2 
Researches in commutator-less d.c. motors using 
thyristors for commutation instead of the commutator 
' 
and brush set arrangement, is leading to still reduced 
cost, size of the d.c. motor, easy maintenance and 
increased reliability. 
By using digital methods for the control of speed 
of a d.c. motor, the accuracy between desired speed and 
obtained speed could be achieved up t.o 0.1% at the lower 
.end of the range and 0.02% for the majority of the range. 
Accuracy up to .002% is claimed. Also the digital method 
of control of speed eliminates the drawbacks of the 
analogue control system, like ageing of components and 
change in characteristics due to temperature variation. 
The signal can also be transmitted over a long 
distance without distortion, if remote control is 
required. 4 •12 •11 
A thyristor converter, when combined with a 
separately excited d.c. motor, gives a drive system 
which is superior in many ways. For example speed 
could be controlled by an armature voltage control and 
- field voltage control, and better speed control provides 
high production rates, better production quality and 
increased process automation. 9 Furthermore, for a 
separately excited d.c. motor, the speed torque charac-
teristic could either be constant speed varying torque 
or varying speed constant torque, or both could vary 
independently. 9 When field weakening is used with 
constant armature voltage, constant horsepower output 
3 
is obtained with decreasing torque and increasing 
speed. A separately excited d.c. motor, when supplied 
by a thyristor rectifier, is capable of running in all 
the four quadrants and therefore regenerative braking 
is possible. 8 •5 
The weakening of the field near the full load 
condition increases the speed such that it becomes 
uncontrollable and the motor becomes unstable. It 
could be controlled by using a suitable control system. 
For developing a control system it is necessary to 
'predict the steady state and transient responses of 
the machine accurately and therefore modelling of the 
machine is a fundamental step towards designing a con-
2 trol system. 
By modelling any machine mathematically its res-
-ponse could be predicted for any input condition like 
. field or armature voltage. This prediction of machine 
response is useful for the control engineer. 13 ·It is 
.therefore necessary that the model should be as near 
a representation of the actual machine as possible. 
- The closeness of the machine model with the actual 
machine can be judged by comparing their responses 
·under the same input conditions. Also the usefulness of 
any model over another may be judged according to ease 
with which its parameters could be measured. 
Modelling may be do~e in a number of ways, for 
example, by obtaining the transfer function14 • 21 of the 
machine or writing the machine equations for armature and 
I 
.I 
I 
I 
I 
I 
I 
I 
4 
field voltages15 • 21 and load torque. It may be modelled 
by changing the input to the machine around the steady 
. t t d' t' 16 s a e con 1 1ons. Their time response could be found 
either by Laplace transform or solving the simultaneous 
.·,···· ... ' . >~ ••-••-•••• .~if,fefen:ial.:e:uations or using a numerical method . 
.• ,., .• :'?'-':-;•~:'C~i/:o'~:c•o>But : a
1
b· these ·models ignore· the.: effect of· armature · ·· 
I 
.• 
react~on. The effect of armature reaction is the 
' 
weakening of the total flux per pole due to the satu-
ration of. iron of the stator. 17 Therefore they do not 
take into account the changing of parameters due to change 
'· .,·C·:·.·c.7-•~c. eo• ·•· ·.:,.:,.,, ...... "0".''•"•''-.• ·. •• •. ·.· . : ,. 18 . .. .· .. . . . . .. . .. 
in" k.rmature current. Sinha has considered the arma-
ture reaction as a voltage added or subtracted from the 
back e.m.f. and developed ways of calculating it. The 
armature reaction term needs to be calculated by experi-
ment? 
The object of the the'sis is to model a sepa;rately 
. 
excited d.c. motor taking armature reaction into account. 
· This is done by taking flux per pole as a function of 
armature and field current. The machine model is 
linearized so that it is valid, only for small changes 
in the neighbourhood of steady state conditions. The 
gradients or partial derivatives, that is change in 
flux per pole with change in armature current and change 
in flux pole with change in field current, are the main 
parameters of the machine. These new parameters are 
termed.Gl and G2 respectively. 
• The parameters of the machine are determined on a 
. . 
Westinghouse generalised machine connected as a sep-
arately excited d.c. motor, Another d.c. machine coupled 
'• 
5 
to the generalised machine was used as a separately 
excited d,c, generator, The experiments for para-
meter measurement are described in Chapter 4. 
A computer program is developed for the trans-
ient response of the machine model around steady state 
conditions. This program uses a subprogram already 
developed by my supervisor to integrate a set of three 
first-order differential equations us·ing a numerical 
method. 
The Gino library subroutines are used to plot 
the transient response. Tests are then performed to 
obtain the time response of the machine and recorded 
on a u.v. recorder. Results obtained from computer 
simulation and from the machine are then compared. 
2.1 General 
6 
CHAPTER 2 
ARMATURE REACTION 
In this chapter, the effect of small changes in 
,c.; i:-'2?co'~':}.ii!l~-~itl1_!3fc~hefie1A _voltage or the armature voltage on 
armature reaction and the total change in the flux 
.• 
~ 
linkage with field and armature windings will be dis-
cussed. Initially, the m.m.f's produced by the arm-
ature winding and the field winding are considered 
·separately. Then their combined effect is considered. 
It is shown that the resultant m.m.f. varies with a 
change in either of the inputs. Then assuming flux 
per pole proportional to the m.m.f., the change in 
flux per pole with change in input is considered. 
Finally·the effects df saturation are discussed. In 
·this case the flux produced is not proportional to the 
m.m.f. and the effect of a change in an input on the 
change in flux per pole in the air gap is explained. 
2.2 M.M.F. Due to Armature Current Alone 
If the field of the machine is not energised and a 
current is passed through the armature, the ampere turns 
of the armature will produce an m.m.f. wave with a shape, 
as shown in Fig. 2.119 •20 The steps in the waveform are 
caused by the armature slots. However it will be assumed 
·in the remainder of the thesis that the effect of the 
slotting can be neglected and in this case the m.m.f. 
waveform becomes triangular. 
' 
0 7!/2 7T 
FIG. 2.1 Armature mrof alone 
. \ 
37!/2 271 
I 
I 
I 
8 
This is the approximation of the actual m.m,f. shape. 
The drmature m.m.f. is zero at the centre of the pole 
and a maximum at the magnetic neutral axis. On either 
side of the centre of the pole or magnetic axis, the 
shape of the m.m.f. curve is the s~e, but its sign 
is reversed. 20 •25 The magnitude of this m.m.f. at 
every point is proportional to the current passing 
through the coil. The net area of the armature m.m.f. 
curve is zero. 
2.3 M.M.F. Due to Field [urrent Alone 
Usually the d.c. machine has one or more pairs of 
salient poles. The winding is placed on the pole 
pieces. The shape of the m.m.f. produced depends upon 
the shape of the pole face and the magnitude of the 
m.m.f. depends upon coil current. 
The machine on which the tests are performed dhes 
not have salient poles. The stator field winding is 
embedded in slots in the cylindrical surface. The inner 
periphery of the stator is divided into four quadrants, 
_each quadrant having a similar winding layout. The 
m.m.f. shape is again stepped one, and shown in Fig. 
2.2. The shape of the field m.m.f. is the same as 
shown in Fig. 2.2 but the magnitude is dependent upon 
the amount of current passing through the field winding. 
\··· 
0 1T 
Angles in radians 
FIG. Z.2 Field mmf alone 
10 
2.4 Resultant M.M.F. Shape Due to Field Current and 
Armature Current 
In the running condition both the armature and 
the field m.m.f. are acting simultaneously. If the 
resultant of the two m .m. f. 's is drawn then on on side 
of the magnetic axis, the m.m.f, will be additive, 
while on the other side of the axis it will be sub-
tractive. The final result is that the m.m.f. is 
strengthened on one side and weakened on the other 
sideof the magnetic axis. Thus the resultant m.m.f. 
is distorted in shape due to the presence of armature 
m.m.f. and also the magnetic neutral axis is shifted 
from the original no load neutral axis. The resultant 
f . . h . F" 2 . 3 .20,24,25 m.m .• wave ~s s own ~n ~g. 
2.5 Effectofd Change in InputontheResultant ~LM.F. 
Suppose a change is made in the armature voltage. 
This change will cause a change in armature current and 
the armature m.m.f. will change, After this change, 
m.m.f. is added on one side of the magnetic axis and 
subtracted on the other side, and there will be a change 
in the resultant m.m.f. curve. The shape of the resultant 
will distort but thetotalarea of the m.m.f. will be zero. 
Similarly the shape of the resultant m.m.f. will be 
affected if the change is made in the field voltage, 
which will cause a change in field current and field 
m.m.f. 
( 
0 
.. 
X 
'H;:l 
~;;:i 
Field mmf 
rr/2 
FIG. 2. 3 
~ I • 
11 
Armature mmf 
mmf 
flux 
3rr 2rr 
2 
Angles in radians 
Resultant mmf and flux 
12 
26 _·The e.ffect of Change of Input on the Total Flux per 
J 
Pole 
The flux per pole is required rather than the 
m.m.f. It would have been simpler if this m.m.f. was 
directly proportional to the flux produced by it, but 
after a certain point (in BH curve) the flux density 
and hence the flux produced becomes a non-linear func-
t . f f 23,25,27 ~on. o m.m .. 
Firstly it is assumed that flux per pole is prop-
ortional to the resultant m.m.f., i.e. the iron is 
unsaturated for all m.m.f. values. 
So long as the iron is unsaturated, the m.m.f. 
required to overcome the reluctance of the iron parts 
of the magnetic circuit is small compared with the 
air gap m.m.f. But in the case of saturation of iron, 
the m.m.f. drop can no longer be neglected in the iron 
parts of the magnetic circuit. The reluctance of iron 
parts increases and becomes comparable with the reluc-
tanc~ of the air gap. In the case of saturation the 
flux produced by the same m.m.f. is less than the flux 
produced when there is no saturation. 17 •20 •23· 25 
In the case of armature current near the full load 
condition , the resultant m.m.f. has a very high value 
at one side of the magnetic axis. This high value of 
the m.m.f. saturates the iron parts which results in 
more m.m.f. drop in the iron parts. 17 • 20 This drop. is 
comparable to the drop in the e1ir gap. Tf1e .flux produced can 
be.~ivenby the relation: 
13 
~ m.m.f. 
= (Reluctance of the air gap + Reluctance of the iron) 
(2.6.1) 
Due to saturation the reluctance of the iron parts 
· ... ·.··•···· ... ·.· •.•.. · ·.·.·•· • beeom/es comparable to the reluctance of the air gap, -'::=;~'o;;,~~_'?l~.~~~t-~df~i·:i~it~ctei~~'~-'~:fc;~t~r~tion·•·i'~ iiiC:re~~~·d, the-reluc-··.· ·· '"·c'' 
.• 
-,- ·-- ·.-.· -·. ___ .., __ ,..-_ . .,-
.. 
tancJ of the iron increases. Equation 2.6.1 represents 
the situation when the iron is saturated and, due to 
saturation, the properties of iron are changed. The 
._:reluctance of the iron, which was negligible compared 
to the air gap reluctance when there was no saturation, 
now becomes comparable to the air gap reluctance. The 
effect of saturation is such as to reduce the flux 
produceJ.l7,19,22,23,25 
If .a change is made in the armature input, there 
,will be a change in the armature m.m.f. Suppose the 
change in the armature m.m.f. is increasing, this change 
will be additive to the field m.m.f. on one side of the 
magnetic axis. This increase in m.m.f. will change the 
properties of iron so as to increase the reluctance of 
the iron. Although there will be an increase in the flux, 
the increase in flux will be less than it would have been 
in the absence of saturation. 
On the other side of the magnetic axis, this 
increase in armature m.m.f. is subtracted from the 
field m.m.f. and therefore the resultant m.m.f. will 
be less than what it was before the change in the arma-
14 
ture input, and this reduction in armature m.m.f. 
will take the iron out of saturation. The overall 
effect of an increase in the armature input is that 
there is. a net reduction of flux per pole. 
Along the sa~e line of argument, the effect of 
a change in the field m.m.f. on the total flux per 
pole can be discussed. 
L • 
. ·-·-
15 
CHAPTER 3 
· MACHINE MODEL 
3.1 General 
In representing a s~parately excited d.c. motor 
by a mathematical model, there can be three independent 
input variables. 
:'.i) Field voltage, which .is applied to energize 
the field winding. 
ii) Armature voltage which is applied to energize 
the armature winding. 
iii) Torque input. 
In this model of a separately excited d.c. motor 
the starting point is the steady state equation of 
these input variables. Then these inputs are changed 
by small amounts and the expressions for changes are 
derived. This model for change in the input variable 
is then arranged as a set of first-order differential 
equations. 
3.2 Steady State Equationsfor Separately Excited d.c. 
Motor 
The steady state equations for separately excited 
d.c. motors may be written as: 
VA = (RA+RAl).IA + E 
VF = RF . IF 
Te = Te + T LO$S 
Te = Kt q, IA 
\ 
16 
3.3 Equations for Small Changes 
When inputs are changed by small amounts from 
their steady state values, they will produce changes 
in field flux linkage and armature flux linkage, which 
will initiate a transient response. These changes of 
the input will result in changes of the outputs which 
are armature current, field current and speed. 
The total flux per pole can be represented as: 
.~ = ~ (IA,IF) 
and the change in total flux per pole is given by: 
(3.3.1) 
a~ 
(HA)IF is the change in flux per pole with change in 
armature current, when IF is a constant. 
aq, 
( aiF>rA is the change in flux per pole with change in 
field current when IA is a constant. 
If w is the total flux linkage: 
i\'fF = l'lWF (IA, IF) (3.3.2) 
MA = l'lWA (IA,IF) (3.3.3) 
where: 
tiwF = change in total field flux linkage 
t.wA = change in total armature flux linkage. 
Let d/dt = D. 
' 
17 
Taking the partial derivatives of 3.3.2 and 3.3.3 with 
respect to time: 
(3.3.4) 
(3.3.5) 
current constant. 
<~!~)IF = change in total field flux linkage with 
change in armature current, keeping field 
current constant. 
<~!~)lA = change in total armature flux linkage with 
change in field current, keeping armature 
current constant. 
aM (alA)IF = change in total armature flux linkage with 
change in armature current, keeping field 
current constant.: 
Equation for change in armature input 
For a steady state condition, the armature circuit 
equation may be written as: 
VA = (RA+ RAl) lA+ E (3.3.6) 
18 
If the input voltage is changed by a small amount ~VA 
the result is: 
VA + ~VA ~ (RA + RAl)(IA + ~IA) + D(~~A) + E + ~E 
the 
D{t.\jlAl is due to the Iota\ inductance ot~armature winding 
(3.3,7) 
.· bVA = (RA + RAl) ~IA + D~~~A) + bE (3.3.8) 
. __ .,.,,.0 ._, ••..•. ,~, F-:-The. back e .m. f. is represented by: 
E = K 4>N 
e 
where K = ZP/60.A is the back e.m.f, constant 
e 
6E = K .N~4> + K • 4>bN 
·e e '• 
34> ()4> 
= Ke,N.(aiA).t.IA + Ke.N(CliF).t.IF + Ke.4>,t.N (3.3.9) 
· .. 
Let RT = RA + RAl 
~substituting equations (3.3.9) and (3.3,5) into (3.3,8): 
AVA 
I 
Rearranging 
19 
awA 
+(<liF)IA'D(AIF) (3.3.10) 
The steady state equation relating 
":'i;,~t}~;,~1;:t~~:?:~,~~?tii~lJ''i~"~'i'~~t :'[;[~<>,~:::•:cd.o-~"C"':D ,,~:;;i'':c''·/z the field voltage to_the 
; .·. .· .. · .. · 
.• VF = RF. IF (3.3,11) 
If_ a. c_hange _is made in the field-voltage, the result is: 
. . ' . VF + AVF = RF(AIF + IF) + D(Al/JF) (3.3.12) 
the 
D(AljiF) is due to the total inductance ofAfield winding 
Subtracting (3.3.11) from (3.3.12) and substituting 
{3.3.4): 
Torque equation 
The torque developed by a motor is given by: 
where Kt = ZP/2~A is torque constant 
If the torque is changed by small amounts in the neigh-
~bourhood of a steady state: 
20 
Neglecting the second order terms: 
(3.3.14) 
Steady state 
e.lectrical torque can also be represented by: 
Te = load torque + viscous torque 
= TR. + 2rrND1 
If the torque is changed by a small amount in the 
neighbourhood of the steady state value: , 
"fe +liTe = TR. + liTR. + (2rrJf60).DliN + (2rrDl/60). (N + liN) 
(3.3.15) 
.· Equating ( 3. 3.14) and ( 3. 3.15) and rearrang·lng 
Substituting for ll~ from equation (3.3.1) 
- (2rrDl/60).liN (3.3.16) 
Combining equations (3.3.10), (3.3.13) and (3.3.16) together 
I' 
I 
--·-·-------~-----------
21 
a set of first order linear differential equatio~s is 
obtained, representing the separately excited d.c. 
motor: 
. - (211J /60). Dt.N 
For simplicity let 
2!.. = 1 
aiA G ' ;:F = G2, (~!!)IF = Fl, 
R = RT + Ke.N.Gl 
RP = ~ .N.G2 
RTA = Kt ( G~ lA + ~) 
RTF= Kt.IA.G2 
I 
I 
I 
I 
- - - --- ---- ---:-~-
22 
The simplified model in terms of new constants is: 
!IV A R RP K ~ 
e 
liiA Fl F2 0 DliiA 
0 RF 0 liiF + Hl H2 0 D6IF (3.3.17) 6VF = 
.I 
liT£ RTA RTF 
Let: 
y = !J.VA 
!J.VF 
liT£ 
and C = · Fl 
Hl 
0 
-2rrD! !IN 60 
X = liiA 
F2 
H2 
0, 
!I IF 
!lN 
0 
0· 
-2rr3 
60 
0 0 -2rrJ 60 
A = 
.. Equation (3.3.17) can now be represented by: 
Y = AX + C dX dt 
DliN 
R RP 
0 RF, 
RTA RTF 
.--· 
(3.3.18) 
<·multip1yingequation (3.3.18) by c-l and rearranging 
d~ -1 c-ly dt = - C .A.X + ( 3. 3.19) 
Ke~ 
0 
-21TD 
60-
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where: X is the state vector of the system 
Y is the control vector of the system. 
I 21TJ le = 60 [F2.H1 - H2.F1] 
'where: 
c-1 
= -
2113 EL 60 
EL= H2.F1 ~ F2.H1 
= H2/EL -F2/EL 
-H1/EL Fl/EL 
0 0 
0 
0 
-60 
2iiJ 
Substituting c-1 in equation (3.3;19) 
DLIIA H2/EL -F2/EL 
-H1/EL F1/EL 
DLIIF- 0 0 
- MN 
+ H2/EL -F2/EL 
-Hl/EL Fl/EL 
0 0 
0 
0 
-60 
21TJ 
0 
0 
-60 
21TJ • 
0 
RTA 
!IV A 
LIVF 
RP Ke<P 
RF 0 
RTF -211D 
- 60 
LIIA 
!I IF 
!IN 
....... ·, 
'~" 
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Simplifying: 
DlliA -R.H2/EL -RP .H2/EL+RF .F2/EL -K q>H2jEL 
e 
lliA H2JEL -F2/EL 0 
DlliF = R.Hl/EL -RF .Fl/EL+RP.Hl/EL K q>Hl/EL e l\IF + -Hl/EL Fl/EL 0 
DllN RTA 60 R'IF. 211J 60 -DYJ l\N 0 0 
-60 
211J . 211J 
(3.3.20) 
"Equation (3.3.20) 28 is a set of first-order differential 
equations representing a separately excited d.c. motor. 
Integration of this set of equations will give the time 
response of the machine. 
3.4 Modification in the Machine Model 
Change in armature input and field input is made by 
v~rying the series resistance in the armature circuit and 
field circuit. Equations in terms of input variable are 
written taking series resistance into account. This series 
~esistance is then changed by connecting another resistance 
in parallel and another equation is then written represen-
ting the changed condition. The remainder of the analysis 
is then carried out along the same lines as done previously. 
Armature Circuit 
If R2 is a series resistance: 
VA = (RA + RAl) lA + IA.R2 + E (3.4.1) 
llVA 
l\VF 
l\T9, 
.· 
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Another resistance Rl is switched in parallel with R2: 
VA = (RA+RAl)(IA+6IA) + (RZ.Rl)(IA+6IA) + E+6E + D(6~A) Rl+R2 
(3.4.2) 
-
Subtracting (3.4.1) from (3.4.2): 
0 = (RA+RA1)6IA+6E+D(6~A) + (Rl.R2)6IA+IA(Rl.R2 - R2) Rl+R2 Rl+R2 
(3.4.3) 
Rest of the analysis is carried out as in Section 3.2. 
Field circuit: 
VF = IF.RF + IF.R3 (3.4.4) 
If another resistance R4 is switched in parallel with R3: 
. VF R3.R4 = (IF+ 6IF)RF +(R3+R4 ) (IF ~ 6IF) + D(6~F) 
(3,4.5) 
Subtracting equation (3.4,4) from (3.4.5) 
0 = RF.6IF + R3.R4/(R3+R4).6IF+(IR3.R4/(R3+R4))-R3)IF + D(6~F) 
(R3 2/(R3+R4)).IF=(RF + R3.R4/(R3+R4))6IF + D(6~F) 
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The remainder of the analysis is carried out as in Sec-
tion 3.3. No change in load torque is made and the 
equation for change in load torque remains the same as 
in Section 3,3. 
Let: 
R ~ RA+RAl + Rl.R2/(Rl+R2)+K .N.Gl 
. e 
RFF = RF + R3.R4 R3+R4 
The machine model expressed in terms of first order 
differential equations and arranged in matrix form is 
given below: 
r 
DliiA -R.H2/EL -RP.H2/EL+RFF.F2/EL -K 4>H2/EL e 
DliiF = 
. DliN 
RHl/EL 
RTA. GO 
2nJ' 
+ H2/EL 
-Hl/EL 
0 
-RFF.Fl/EL+RP.Hl/EL 
RTF ·eo 
2nJ • . 
-F2/EL 0 
K 4>Hl/EL 
e 
-Dl/J 
LliF 
fiN 
(R22 /R2+R1 )IA 
Fl/EL 0 RS 2/(R3+R4).IF 
0 
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3.5 Modification Considering the Dynamic Loading 
The load on the test motor. is a separately excited 
I mechanically coupled d.c. generator. The flux per pole 
of the generator is constant and hence the torque on the 
shaft of the generator is proportional to the armature 
. ·. . . . . 
:7\•c·~io·:i/.;.~,,.;,c";;iburreht.C·.Ariy. change· in the armature input voltage. or· the 
• 
field input voltage of the motor brings about a change in 
the speed and hence changes the generator emf and current 
passing through a resistance connected as a load on the 
generator. It follows therefore that the load torque T 
on the motor changes. 
If: 
<1>1 is the flux per pole of the generator 
Ke1 1s the emf constant of the generator 
Kt1 is the torque constant of the generator 
RL is the load resistance 
N is the speed in rev/min 
RT is the brush contact resistance and the armature 
resistance 
~ is the generated electrical torque 
El is the generated emf 
KA is constant : 
!hen the emf El generated is given by: 
El = (RT + RL) IAl 
T = Ktl.'i' 1. IAl g 
Tg = Ktl !±> l.Kel.qil. NL60 (RT + RL) 
T = KA.N/60 g 
l>T = KA.LIN/60 g 
(3.5.1) 
(3.5.2) 
If: T' gf is the friction and windage torque of the generator 
l~ is the friction and windage torque of the motor the lost losses is torque in the iron of the gl. 
I generator 
T . is the torque lost in the iron losses of the 
ml. 
motor. 
the electrical torque developed by the motor is given 
by: 
T = T g e 
2nN.Dl 
60 T . gl. T . ml. 
Let the power post in the iron of the generator be 
Cl watts and the power lost in the iron of the motor be 
C2. 
Cl + C2 
N 
. 
2 1T 60 
(3.5.3) 
.substitute T~ in equation 3.5.1 in equation 3.5.3: 
.-__: ---- .. 
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'N 2ITN.Dl KA. 60 = Kt.~.IA - 60 
Cl+ C2 
N 2 1T 60 
KA = Kt.<P.IA N/60 2ITDl 
(Cl + C2) 
21T(.!i) 2 60 
---- --- ------
(3.5.4) 
. . . 
'.~o:~~·c; ~-c'":~_;;ThEi'lo:icl torque· on the mot6r .-_-_;--_.:.o. - >~-..o-.-····· .. ~--
.' 
' 
+ T . 
g~ 
If the .;variation in the speed is small enough to make 
T . constant: 
g~ . 
liT g 
Substituting llT 2 for llTg in equation 3.5.2 
llT2 = KA.llN/60 
Substituting llT2 in the set of equations 3.4.6 
the equations overleaf are oblui ned. 
.' 
.. 
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DliiA R.HZ/EL -RP.HZ/EL+RFF.F2/EL-Ke.~.HZ/EL 
DliiF = R.Hl/EL ~RFF.Fl/EL+RP.Hl/EL Ke,$,Hl/EL liiF 
DliN 
+ 
RTA BO 
2'1TJ' 
H2/EL 
-Hl/EL 
0 
!l:IT. 60 2'JTJ 
-F2/EL 
Fl/EL 
0 
fiN 
' .·_-,-- . 
0 R2 2 /(R2+Rl) .IA 
0 R3 2 /(R3+R4).IF 
0 0 
( 3,5.5 J 
---
4.1 General 
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CHAPTER 4 
PARAMETER MEASUREMENTS 
Generally parameters such as the resistances of 
the armature and field windings, self and mutual 
inductances, moment of inertia and. constant of 
friction are supplied by the manufacturer of the 
machine and taken as such if measurements are not 
possible. But generally they are fixed quantities 
and not dependent either on field current or armature 
current. The brush drop of the machine is assumed to 
be constant at 2V and the brush contact resistance is 
not measured for different armature currents, but cal-
culated by dividing the brush contact drop with armature 
current. The parameters of the motor model, which has 
·been derived in the previous chapter,are functions of 
field and armature current, flux per pole and speed. 
In this chapter expressions are derivedfor two main 
parameters Gl and G2. Experiments are performed and 
characteristics are drawn to calculate Gl and G2. 
The resistance of the armature and field winding 
increases with temperature. It is difficult to estimate 
the temperature of ·field and armature winding separately. 
Approximate temperatures can be found if it is assumed 
that the flow of heat is taking place from rotor to 
stator, and temperature of the field winding and armature 
winding iS the same. The constQnt of friction is 
I 
- ------~-----
·derived as a function of the square of the speed. 
An expression for power loss in friction and windage 
is derived. Tests are performed to obtain the charac-
' teristics relating power lost in friction and windage 
to the speed. 
4.2 Expression for G128 
The expression for Gl, that is change in flux per 
pole with change in armature current can be derived by 
differentiating flux per pole with respect to armature 
' ' 
. current IA. 
The speed of the motor can be expressed as: 
N = (NO+ DN.IA/IFL) (4.2.1) 
where NO is no load speed of the motor and DN is the 
difference of speed between no load and full load. 
·. Speed increases linearly from no load to full load, when 
field current and armature voltage are. held constant. 
VAA = VA - IA.RAl 
- where VAA is the voltage across armature winding. 
Back e.m.f. E = VAA- IA.RA 
(4.2.2) 
~ = VAA - IA.RA 
Ke (NO + DN.IA/IFL) (4.2.3) 
_-,_ '1 
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Flux per pole <P induces a back e.m.f. E in the 
armature winding whose resistance is RA. The reason 
for taking only IA.RA in the expression is that RA is 
the armature coil resistance, in which back e.m.f. is 
induced and RAl, the brush resistance, is considered as 
an external resistance. To calculate the change in flux 
per pole with change in armature current, differentiate 
equation (4.2.3) with respect to IA and simplifying 
il<P _ Gl = --.>.:( N"'O::__+___::D:..:.N.:... I::..:A::.t./..::Ic.::.F.::L.t....) .=..:· R::.:A:__-__,_( V.:..;A::.:A.:..-..::Ic:.:Ac..:... R::::A~)'-=D~N:.;../..::;I.::..:::.FL 
(oiA)I; . Ke (NO+DN.IA/IFL) 2 
(4.2.4) 
4.3 Expression for G22il 
Change in flux per pole with change in field current 
is ·calculated by utilising the fact that the speed of the 
motor is a function of armature and field currents.The speed 
.of the motor N can therefore be differentiated with res-
pect to field current. 
N = NO + (IA/IFL).D N (4.3.1) 
Differentiating (4.3.1) with respect to IF 
(4.3.2) 
\ 
\ 
34 
Total flux per pole is given by: 
!l> = VAA - IA.RA 
Ke.N 
Differentiating (4.3,3) with respect to IF: 
( 4. 3 •3 . J 
<aar!l>F)IA = G2 = (VAA KeRA.IA) .(_~z<aar~>rA> (4.3.4) 
Substituting (4.3.1) and (4.3.2) into (4.3,4): 
G2 = -(VAA -RA.IA) IA 2 K~(NO+DN. IFL) 
4. 4 Estimation of Gl and G2 28 
(4.3.5) 
For estimating Gl andG2otconstnf"ltfield current the 
following constants are needed: 
i) No load speed. 
ii) Change in speed between no load and full load. 
iii) (3N0/3IF)IA 
iv) ( aDN/ a!F )IA 
--· 
v) Armature resistance at a oarticular load current. 
Described below is the simple experimental set-up 
which determines the first four parameters required for 
the determination of Gl and G2. Fig. 4,1 shows the cir-
cuit diagram. 
l 
24()v 
-------
240V 
Generalised machine Rotor drive motor as loading 
~en era tor 
FIG. 4.1 Circuit diagram for determining the characteristics of a separately 
excited d.c. motor. 
LC14D . 
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The generalised machine is connected as a 
separately excited d.c. motor. The voltage across 
the armature is kept constant at lOOV throughout the 
experiment by adjusting R2. 
The generalised machine is mechanically coupled 
to another d.c. machine. This machine is excited at 
its rated field current. This machine is used to load 
the test machine. The test machine field is energized 
and the field current is kept constant throughout for 
each set. Each set consists of loading the machine 
from no load to full load. Full load current for the 
generalised machine is SA. For every load current 
sufficient time is allowed so that the armature and 
field winding temperature becomes constant. The speed 
of the motor is noted for that armature current and 
plotted. A rising straight line is obtained. The point 
of intersection of this line at zero current and full 
load current are the no load and full load speed. These 
N Vs. IA characteristics are drawn for different field 
currents. These characteristics are shown in Fig. 4.2. 
The difference between.theno load and .the Mt. load speed 
DN is obtained and then plotted against the corresponding 
field current and is shown in Fig .4·3. Tfie , tangent on any 
point on this curve gives the slope (3DN/3IF)IA" A 
curve showing the relationship between th;e·noload speed NO 
andth7e field current is shown in Fig.4.4. The l'angent at any 
point on this curve gives the slope (3N0/3IF). 
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1 2 3 4 
Field current, IF, A 
FIG. 4.3 Relationship between field current and change in 
motor speed 
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2 3 4 
Field current, !~I 
Relationship between field current and the no load 
speed of thP ~otor 
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Table I shows the values of no load speed, full 
load speed and change in speed, for different values 
of field current. 
TABLE!I 
, ••··:. •·-• ... Ne;> lo~d spe~d, full load_ speed and change in speed at 
~s;;Jc.:i·~~~:r~c;:¥-t:t-~.~~~,f~r~~_i;>~~?~l<i,~~F~{!lt~" .-.,,"' •• ,;:; c=• '"'' +· . _ ..• ~ : _ -"''""•-:.-, .•.. -,,.; __ , ••...• _.i.)' 
.· 
I Field No load Full load Change in Speed 
Current Speed Speed 
Amps. revfmin revfmin rev/min 
1.6 3295 3450 155 
-
-1.9-- -- "-:~-', .- • .-.·J 2965 --- - ---- .. 3100 - ··-. 135 -
2.3 2755 2875 120 
2.5 2590 2700 110 
2.8 2495 2595 lOO 
3,1 2440 2530 90 
3.4 2340 2410 70 
3.7 2270 2330 60 
I 
4.0 2210 2255 45 
4.5 Measurement of Armature Resistance at Different 
Load Currents 
The temperature of the machine increases with the 
increase in armature current. Heat is generated due to 
armature copper loss, eddy current- and hysteresis losses, 
_friction and windage loss and field winding copper loss. 
17 Iron losses are mainly in the armature and friction 
• loss is in the shaft and bearing and between brush and 
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commutator, are all on the armature side of the machine. 
Therefore heat transfer is taking place from armature 
winding to field winding. At constant field current 
the rise in temperature of the machine is dependent upon 
the armature current. For steady state armature current 
.. ·.;·. 
~'1?l'i''f¥,~'¥:'f~#~"g't·-tl{t#"".~:f.'i~~·:rii<terrtpeta:'ture cak be assumed· the''same . for both' 
.· 
field and armature windings. 
There is a portion of field winding in the genera-
lised machine accessible to the tip of the thermocouple. 
the field winding which is facing the armature winding. 
The rise in temperature of the field winding is assumed 
to be the same as that of the armature in the steady 
state condition. A graph is then drawn between the rise 
in temperature and the armature current and is shown in 
Fig. 4.5. Table 2 shows the rise in temperature at diff-
erent load currents. The resistance of the armature 
winding and the field winding is then calculated for any 
temperature rise by: 
Rh = Rc {1 + a(Th - Tc)} 
where: 
Rh = resistance of hot winding 
Rc = resistance of cold winding 
--~-
a = temperature coefficient of resistance 
= 0.04 
(4.5.1) 
T ) = rise in the temperature of the winding 
c 
in °C. 
= ambient temperature 
.• 
.. 
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TABLE 2 
Rise in temperature of the machine at different arma-
ture currents 
Armature 
Current 
Amps 
- ·--.'· 
1.2 
4.6 
5.6 
6.6 
7.6 
8.6 
Ambient 
Temperature 
oc 
21 
Rise in 
Temperature 
oc 
14 
27 
31 
35 
38 
42 
Resistance of armature winding at 21oc = 0.46 ohrn 
By using formula 4.5.1 and the rise in temperature at 
different load currents from the graph, rise in temperature 
Vs. IA, the resistance of the armature winding at different 
load currents can be calculated. Fig. 4.6 shows the RA Vs. 
IA graphically and Table 3 shows the armature resistance 
at different load currents. 
TABLE 3 
Armature resistance at different armature current 
Armature Current Armature Resistance 
Amps Ohms 
1 0.485 
2 0.495 
3 0.502 
4 0.509 
5 0.517 
6 . 0.524 
7 0.530 
. - 8 0.537 
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4.6 Measurement of Brush Contact Resistance 
Brush resistance is measured indirectly, by 
applying voltage at armature terminals after locking 
the armature and measuring the current passing through 
i 
· the winding. Armature voltage divided by the current 
:.y?;~";;~,~·i·f~:~:~~:,,gtf~~r~~~"~•c~;;}:}~;~?N:a=~~.{;.s.~~ta.~t::~,t'!lt arm~t~~e.~tp~i.ng··· .·.···:•·· 
resistance at room temperature. From this armature win-
/ 
ding resistance, at room temperature, is subtracted. 
This gives brush contact resistance. A curve is drawn 
for brush contact. resistance Vs. armature current. 
· --- .----·- -~- Fig. 4-~ 7--shOws -the relationship between brush contact 
resistance and armature current and the Table 4 shows 
the brush contact resistance at different load currents. 
TABLE 4 
Brush contact resistance at different armature currents 
Current Voltage Total resis- ·· Brush contact 
through applied tance at 21 oc resistance 
armature RT RT-0.46 
Amps Volts Ohms Ohms 
. 
1 1.85 1.85 1.39 
2 3.05 1.52 .-· 1.06 
3 3.80 1.27 0.81 
4 4.60 1.15 0.69. 
5 5.2 1.04 0.58 
6 6.10 1.01 0.55 
7 6.80 0.97 0.51 
8 7.40 0.925 0.465 
\ 
1.4 
Brush 1. 3 r-
contact 
resis- 1.2 tance, 
Q 
1.1 
X 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
1 2 3 4 5 6 7 8 
.Armature current IA, A 
FIG. 4.7 Relationship between armature current and brush contact resistance 
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I . 
4.7 Measurement of Field Resistance 
The field winding is accessible for measurement. 
The resistance of the field winding at room temperature 
is measured by applying voltage to it and measuring the 
current. It is assumed previously that the heat flow 
c'~\~i'Jf~~;i,.;~,<''''-"E~'I~ik'~'~";':j_~';I~];'j;~~m t~~-' ;:';~ature to the sta tor 
.· 
steady state condition thetemperaturesof the armature 
and the field winding are the same. Therefore at a 
steady state load current the temperature of the field 
i ~ .. winding is the same as the temperature of the armature 
winding. Also because the calculation for transient 
response is carried out around a steady state armature 
current and a constant-field current, the field resis-
tance is calculated for those temperatures which corres-
pond to that particular armature current. Figure 4,8 
shows the relation between field resistance and armature 
current and Table 5 shows the field resistance at diff-
erent load currents. 
"Measured resistance of field winding = 2,44fl at 21oc. 
.i 
TABLE 5 
Field resistance including temperature effect 
un!Jient temperature 21°C 
Armature 
current 
Amps 
Rise in the Field resistance 
temperature of taking machine 
the machine temperature into 
oc . account, Ohms 
~~:;~f~x~~;,~_~r~-·---~-.?._,T __ ~_,i7C~--~-~~--7,~-~-~~~1~3~.6~--~~7-~-~-·7·_~~~~~~~~~ - ·- ---- -·-o ~,~-_,.,~ ~- -- :_---' i ~-· 
2.57 
-v 
2 17.4 
3 21,0 
4 24.8 
5 29.6 
6 
7 
8 
32.4 
36.4 
41.9 
2.61 
2.65 
2.68 
2.73 
2.76 
2.80 
2.85 
-,. 
1-
Field 
resistance 2.9 f-. n 
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2.8 1-
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2.7 1-
-
2.6 1-
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FIG. 4_. 8 Relationship be'tween armature current and field resistance 
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I 
4.8 Measurement of the 
Friction 
50 
c o ns tan t · of Viscous 
The electrical torque generated by the motor is 
given by: 
A fraction of this generated torque is absorbed in 
bearing and brush friction, windage, hysteresis and 
eddy current. Hysteresis and eddy current losses 
could be put together as iron loss or core loss, as 
they are eliminated from the final equo.tiC>n for friction 
and windage loss 
Friction and windage loss is a function of the 
square of the speed and the torque loss in it is 
represented by: 
. TFW = 2rrNDI/60 (4.8.1) 
where D is the C-onstant. of friction. If the power 
lost in friction and windage is PL then 
2rrN.TFW 
60 p = L 
substituting 4o.8.1 in 4.8.2 
2rrN 
= 60 
2rrND1 
60 
(1. .8.2) 
(4'.8.3) I 
' 
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The cohs··tunt. of friction can be calculated 
if the power loss in friction and windage could be 
estimated at different spee~ 
For the Westinghouse generalised machine, the 
power lost in friction and windage is the sum of 
the power loss in friction and windage of the 
generalised machine and another machine which is 
coupled to it and represented by PL .: 
There are three unknowns for the two machines, 
one is the core loss of the test or generalised 
machine, and second is the core loss of the loading 
machine. Third, is the power loss in friction and 
windage whic·h. is common for both the machines. Three 
equations will be needed to eliminate core loss, and 
the final equation could be obtained in the form of 
applied armature voltages to the generalised machine 
and the loading machine and copper losses in them. 
The core loss, though, depends upon the flux density 
and which, in turn, depends upon both the field and 
armature current. For the purposes of our calculations 
of power loss in friction and windage, it will be 
assumed that the core loss depends only on the field 
current and not upon the armature current. 
The two machines are run in three ways. Firstly, 
the loading generator or rotor drive motor is run at 
full excitation leaving the test machine or generalised 
machine unexcited. Secondly, the test machine, or 
52 
generalised machine, is run at full excitation, lea-
ving the rotor drive motor unexcited. Thirdly, the 
test machine or generalised machine is run at full 
excitation and the rotor drive motor field is excited 
to its rated value. The speed is kept constant for 
all the three runs. 
The brush drop of the rotor drive motor is 
taken as 2V from the manual of the machine, 
When the R.D.M. is running as the motor and 
G ,M. unexci ted: 
VRD'IRD = (R~RDIRD+2)IRD+ Core loss of 
R.D.M. + PL 
(4.8.4) 
When the G.M. is running as the motor and R.D.IL 
unexcited: 
When the G.M. is running as the motor and R.D.M. 
excited to rated field: 
VG2 :IG2 = RG2 .I~2 + Core loss of G.M. + 
Core loss ofR.D.M. + P1 
(4.8.6) 
where: R.D.M. is abbreviation of the rotor drive 
motor. 
G.M. is abbreviation of the generalised 
machine. 
VRD =voltage applied to R,D, motor when G,M, 
field unexcited 
IRD = current passing through R.D.M. 
VGI = voltage applied to G.M. when R.D.M. field 
is unexci ted 
1G1 = current passing through G.M. 
VG2 = voltage applied to the G.M. when R.D.M. 
field fully excited 
1G2 = current passing through G,M, when R.D.M. 
field fully excited· 
RARD= armature resistance of R.D. motor 
RGl = armature and brush contact resistance of 
generalised machine corresponding to 
current IGl .. 
RG2 = armature and brush contact resistance of 
G.M. corresponding to current IG2 
Subtract (4.'.8,5) from (4,,8,6): 
of R,D.M. 
Core loss of R.D.M. = (VG2 .IG2-Vct .. IG1!W-
(RG2'1G2 - RG1' 1G1 ) 
= C.1 
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Substitute core loss of the rotor drive motor in 
'equation (5.8.4): 
.PL is determined for different speeds and a curve 
is drawn for PL versus speed and shown by Figure 
4 .li. The coefficient of friction and wind age can 
then be calculated for any speed. 
Figures 4.9, 4.10 and 4.11 show the circuit 
diagrams for the experiments carried out, whose 
results are given in Tables 6, 7 and 8 respectively. 
Core loss of R.D.M and GM can be calculated by equations 
4.8.4 und 4.8.5 ·respectively. Figure 4.13 shows the relution .. 
between ~peed and power loss in the iron cf G.N and R.O.M 
.-·· 
... 
......... - . 
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. TABLE 6 
Rotor drive motor as motor and generalised machine 
unexcited. 
VRD IRD VRD" 1RD RARD 
. 2 
Speed 1RD(IRD.RARD ) 
N rpm Volts Amps Watts Ohms Watts 
500 40,5 0.55 22.48 0.72 1.33 
1000 79.0 o,sT: 52.93 1.66 
1500 117.0 0.77 90.24 1.96 
2000 115.5 0. 86 133.73 2.25 
2500 194.8 0.96 187.00 2.84 
3000 233.3 1.10 256.30 3.07 
TABLE 7 
Generalised machine as motor and rotor drive motor 
unexcited 
. 
VGl 1G1 V Gl" 1a1 RGl 1G1 
2 
RGl Speed . 
N rpm . Volts Amps . Watts . Ohms Watts 
500 23.0 0. 76 17.59 2.05 1.20 
1000 43.8 0.89:· 39.20 1. 95 1. 56 
-- ~· 
1500 65.2 1.05.• 68.46 1.90 2.10 
2000 86.1 1.15 ' 99.01 1.82 2.41 
2500 107.8 1. 30 140.00 1. 74 2.94 
3000 128.8 '1. 40 180.32 1.71 3.35 
. 
I' 
I 
I 
I 
\ ' 
' ' 
.. 
FIG. 4 .. 9 
• • 
' 
\ 
lRD 
~D 
2t,.OV 2WV 
: 
Rotor drive motor 
R.D.M. as' motor at rated. field and variable V R D for different· 
, speed. Field of G.M. unexcited. 
240v 
' 
0.------~o 
i 
Vf 
, I 0 
' ' 
. 
,., 
Generalised Machine Rotor ,Drive Motor • 
FIG. 4.10 G.M. as motor at rated field and variable VG 1 for different speed. 
Field of R .. D .M. unexcited. 
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TABLE 8 
Generalised machine as motor and rotor drive motor 
. fully excited 
VG2 IG2 VG2 1G2 RG2 IG2 
2 
RG2 Speed . 
N rpm Volts Amps Watts Ohms Watts 
500 23.4 1.15 26.96 1.82 2.41 
1000 45.0 1.40 63.00 1. 71 2.35 
1500 65.6 1.60 104.96 1.63 4.17 
2000 87.1 1.80 156.78 1.56 5.06 
2500 108.7 2.00 217.78 1.52 6 .0.8 
3000 130.0 2.20 286.00 1.47 7.12 
TABLE 9 
· Calculations for power lost in friction and windage PL 
Speed A=VG2" 1G2- B=RG2IGl- C~A-B 
PL =VRD. IRD-( 
N rpm VGL • Iul, RGl 1Gl 
2 RARD" 1~1l+ Watts 
Watts Watts 2. IR~- a 
Watts 
500 9.36 i.21 8.15 13.00 
' 
1000 23.80 1. 79 22.01 29.26 
1500 36.50 2.07" 34.42', 54.86 
2000 57.77 2.65 55.12 76.36 
2500 77.40 3.14 74.26 109.90 
3000 105.68 4.05 101.63 151.60 
.I 
240v 
.' 
t i· 
.i 240v VF l· I 
: . 
• 0 
Generalised Hacnine Rotor Drive Motor 
FIG. 4.U 
...... 
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4,'9 Estimation of Fl, F2, Hl, H2 
Fl,orthe change in the armature flux linkage with 
change in armature current when the field current is 
kept constant, is the self inductance of armature. 
The self inductance is obtained from the manual of the 
machine 26 
Fl = 0.05 Henry 
F2 ,or the change in armature flux linkage with change 
in field current is zero if the armature current is 
constant, because the field and armature windings are 
effectively perpendicular to each other and there is 
no flux linkage between them. Any change in flux 
linkage due to change in magnetic properties because 
of saturation of the rotor iron are considered to be 
small and therefore neglected. 
Hl,or lhechllnge.In::ilJ>td- flux linkage with change in 
armature current when the field current is kept con-
stant will have a value, because the change in armature 
current will 'change the magnitude of the resultant mmf, 
_ which in turn will change the magnetic properties of 
the stator iron. ·Hl can be calculated as follows: 
Number of stator slots 36 
Winding groups used 2 
Number of slots per winding group 9 
Coils per group 9 
Number of turns per coil 18 
.· 
(•' 
! 
' . 
.. 
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Total number of turns HF 
HF 
Kp 
Kd 
KW 
18 X 9 X 2 
324 
0.819 
0.956 
0. 783 
1.10 
Change in the _field flux linkage when armature current 
is changed and the field current is kept constant: 
(awF/aiA)IF = HF.Gl.K~.KW Henry 
H2, or change in flux linkage with the field winding 
when the field current is changed and the armature 
current is kept constant is: 
(awF/diF)IA = HF.G2.K~.KW Henry 
K.<P is' tr~ ler.rkage factor for the field wi.ndinv defined as the 
rntio of the l''tal1lux li nkin~ the fie Id winding divided by the 
mu!uct flux linking the field and armature winrl'ings . 
. , 
; 
• 
· 5.1 General 
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CHAPTER 5 
COMPUTER PROGRAMMING 
The solution of the set of three first order 
differential equations,'which represent the machine, 
is carried out using a numerical method and a program 
written in Fortran language is used for digital com-
puter simulation. The parameters of the machine are 
.calculated for different armature currents. 
The numerical method of solution of first order 
differential equations divides the time of integration 
into small and equal intervals. Then using this inter-
val with derivatives of the state and the value of the 
state at any instant of time, the value of state for 
the next interval of time is predicted. Using the new 
state as the initial value, derivatives of the new 
state are calculated, which is used for calculating 
the value of the new state. Proceeding in this way 
.the transient response of the mathematical model is 
determined. 
It can be observed from l!'igures 5 .l.la and 5 .l.lb 
that the integration by the numerical method is more 
accurate if the interval of time between the calculation 
of successive states is small. But for a given time of 
integration, smaller values of interval mean more num-
bers of calculations. It is therefore necessary to 
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calculate the transient response of the machine model 
for different intervals of time to ensure the accuracy 
of the result. 
The program used is given in Appendix 1 and a 
flow chart is shown by Figures 5.1.2a and 5.1.2b. 
f(t) 
~(t) 
t 
66: 
Actual f(t) 
FIG. 5.l.l.b 
Time in seconds 
FIG. 5.l.la 
Computed 
. f(t) 
-- ----------------
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START ) 
CONSTANTS 
READ DATA 
CALCULATE PARAMETERS 
FOR- INTEG 
SET DDX(/)=0; DX(l)=O 
CALL -IN TEG 
CALL- GRAPH 
-~ 
MORE DATA 7 YES 
NO 
STOP ) 
Flfi5.f.2a FLOW CHART, MAIN PROGRAM 
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(ENTER ) 
I 
SET DDX(1)=H 
I 
K2=1 
I 
j;; 1 
1=2 
CALCULATE DERIVATIVE OF STATE DDX(l) I 
I 
SET DDX(!)= DDX([ }x H 
1 NO ..l 1=1+1 ~ s 
I=1 
.J 
CALCULATE STATE DX{l) 
~. I l-It I NO I - + I 
IYES 
ISJ=~ ? NO )::)+1 
T YES 
\ WRITE OX{!) \ -
...l 
NO IS 
2=NO,OF ITERATIONS '--- K2=K2+1 ? 
TYES 
( RETURN 
FIG.5.1.2b FLOW CHART, SUBROUTINE 
6.1 General 
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CHAPTER 6 
MACHINE RESPONSE 
To verify the validity of results obtained by 
computer simulation_oftf\~separately excited d.c. motor 
model, it is necessary to compare the results, with 
the results obtained from the machine run under the 
same conditions and with the same changes as in the 
program. The change in the output is then recorded. 
The comparison of the two results gives the validity 
of the machine model. 
The steady state output quantities involving the 
armature current, field current and speed of the 
motor are compared to the change in these quantities. 
To record the changes only the output signal or part 
of it is balanced with another independent source and 
zero signal in voltage form is fed to the recorder. 
The recorder then plots the change in output against 
·time whenever a change in input is made. 
6.2 Method of Change in Armature Input 
The supply voltage is fixed at 240 volts. A 
variable series resistance is used to keep the voltage 
at 100 volts at the armature terminals. If this resis-
tance is changed, then the drop across it will change 
as well, depending upon the change in resistance, 
there will be a change in armature current and change 
'c.J 70 
'" in back e.m.f. As shown in Chapter 3, the change in 
the series resistance can be achieved by switching 
in a resistance in parallel with the series resis-
tance, and the value of the resistance can be calcu-
lated by assuming the value of change in the input 
voltage at the armature terminals. This parallel 
c.., .... , 
resistance is different for differPnt steady state 
armature currents. This change in input will bring 
about a change in the output, i.e. change in armature 
current and the, speed of the motors. The scheme for 
the change in armature input is shown in Figure 6.J.l. 
6,3 Method of Change in the Field Voltage 
The field input is supplied by a variable voltage 
power supply. For making a change in the field cir-
cuit'input, again a resistance combination is used. 
A standard resistance of 0.1 ohms is used in series 
with the field winding. To make the change, another 
standard resistance of 0,1 ohms is connected across 
the first-standard resistance or one resistance is 
taken out of parallel combination, depending upon the 
effect of field strengthening or field weakening has 
to be considered. This will change the over all 
resistance of the circuit and set about a change in 
field current. 
The circuit diagram for making the change in 
the field input is shown in Figure 6. 3. 2 , 
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240v 
FIG. 6.3.1 Method of change in armature input 
voltage 
' 0.1 OHH 
,. 
.. 
RF 
Q10Ht1 
V. 'F 
L~ ~ 
FIG. 6.3.2 Method of change in field input 
voltage 
6,4 Measurement of Change in the Output 
The steady quantities are large compared to the 
change in these quantities. The recording instru-
ment has a range of sensitivity from O.lV/cm to 50V/cm. 
If the changes are recorded as superimposed on the 
·•.c.,';1;;"id,c"''f''co.~t'~}&:te.adY.}'l~!ti;J.,•':~J ue~. ~-···-··anc,L lo\\',se.ns_i ti v~i; ies ,_then. -~hey,_ ;, 
may hardly be distinguishable. On the other hand, if 
.' 
the record is made in higher sensitivities of the recor-
der, to make changes in the output distinguishable, the 
amplitude of the output will be more than the width of 
the recording paper. 
Figures 6.4.1 and 6.4.2 show schemes which repre-
sent the method of recording the change in the output 
like change in speed and change in armature current. 
Variable voltage source B is so adjusted that voltage 
across AA' is zero. A change is then made in the 
field voltage or armature voltage to produce a change 
.in the output, this change in output is recorded by the 
U.V. recorder. 
The·· output from the tachogenerator, and the arma-
ture current has ripples superimposed on d.c. The 
magnitude of the ripple is comparable to the change, 
when only the_change is recorded. The presence of 
ripple makes the recognition of the amplitude of the 
response difficult. A low pass filter is used to 
suppress these ripples. The output needed is a zero 
--- ';-' 
• 
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frequency voltage, therefore the d.c. level will be 
unaffected while high frequency w~ll filter out, 
making recorded output more smooth . 
J 
( 
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FIG. 6.4.1 Measurement of change in speed 
. ! 
RT 9
11 
A LOW 
PASS TO U. V. 
2~0v FILTER RECORDER 
{t X R=1 0 K 
c,=11JF 
FIG. 6.4.2 Measurement of change in armature current 
when change in armature input voltage is 
made 
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CHAPTER 7 
RESULTS AND DISCUSSION 
7.1 Introduction 
In this chapter the responses of the machine 
model, in terms of change in speed and change in 
armature current are compared with the same respon-
ses of the actual machine, when the change in either 
field input or armature input is made. Two steady 
state values of field current are taken. One near 
the rated field condition at 3.4A and another for 
weakened field condition at 2.2A. 
Three steady state values of armature current 
are taken around which a change is made, i.e. 4A,· 
5A, 6A. The reason for doing so is that the excessive 
sparking made it difficult to operate the machine be-
. yond that armature current and especially at weakened 
field current. 
The results are tabulated for each of the two 
steady state values of field current, indicating which 
input is changed and what output is compared. Ampli-
tude of the machine response is compared with the model 
response at different instants for transient and steady 
state values, for each steady state value of armature 
current. Actual and computed responses for the same 
instant of time u·r~ then used to calculate the percentage 
error between the machine response and the model response. 
,---------------------------------------------------------------------------------
'•' 
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The graph plotted for the response of the 
machine model, using Gino facilities, and the graph 
obtained from the U.V. recorder for each steady 
state condition of field current, armature current 
and for each of the input conditions, are given soon 
after each table for computed and machine responses 
Discussion 
As can be seen from the results tabulated, per-
centage error between the machine and the model res-
+ ponse is normally within - 15%. The comparison of 
transient and steady state response between the model 
and the machine would have been closer but for two 
main reasons. 
The reason for not having a closer comparison 
is that the machine has non-salient poles. As can 
be seen from Figure 2.3, that due to a small air 
gap, the flux density, which is normally very small 
in the interpolar region due to large air gap in the 
salient pole d.c. machine, at the neutral or brush 
axis is quite high and the emf induced in the short 
circuitea turns is also high, thus increasing the 
sparking during commutation. Because of this sparking 
there is a voltage variation of about :1 volt, around 
steady state value of lOO volts applied at the armature 
terminal. Also if the load torque increases with speed 
then the motor speed may hunt below and above an average 
value. 20 This variation in speed and voltage makes it 
difficult to determine the average value precisely. 
; I 
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Steady state before the change IF---------------------------
Steady state after the chahge 
t 
Fig. 7. 2.la 
<I> 
Steady state after the change 
' 
t 
Fig. 7.2.lb 
Steady state before the change 
E ----- --------------- -------- --410-• 
steady state after the change 
. . t 
Fig. 7.2.lc 
Change in field current, flux per pole and back emf 
when field input is changed. 
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I 
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TABLE 10 
Steady state field current 3.4A 
Change in series field resistance from 0.05 to 0.1 ohm 
Comparison of change in armature current. 
Time Steady Theoretical Practical Percentage 
in State Change in Change in Difference 
Secs Armature Armature Armature Between 
Current Current, A Current ,A Practice 
A and Theory 
.... 
-
-- '--.· 6~ 1 4A -- 0.0155 0.014 . -10.71 
0.2 
-
0.0177 0.016 -10.62 
0.3 0.0182 0.018 - 0.55 
0.5 0.0184 0.020 8.00 
1.0 0.0196 0.021 6.66 
5.0 0.0213 0.023 7.39 
0.1 5 0.0195 0.018 
-
8.33 
0.2 0.0224 0.021 
-
7.14 
o. 3 0.0230 0.023 o.o 
0.5 0.0235 0.024 2.08 
1.0 0.0244 0.025 2.40 
5.0 0.0273 0.028 2.50 
0.1 6 0.0235 0.022 - 6.81 
0.5 0.0285 0.030 5.00 
1.0 0.0300 0.034 11.70 
--
5.0 0.0332 0.035 5.14 
0.1 7 0.028 0.027 - 3.70 
I 
0.2 0.033 0.034 2.80 
0.5 0.034 0.036 5.51;) 
11.0 0.036 0.039 7.69 
5.0 0.044 0.044 o.o 
_PercentaY~ difference = Practical vulue- The~ret-i"i:ul value •100 "l 
Practical value 
4 
FIG .. 7. 2. 2. ¥achine model response 
.. 
i 
'I 
. r 
,· 
5 6 
Time in Seconds 
otter a change in the series field 
7 
i; 
:1,' 
,·; 
' ~· ·~ 
! ., 
' 
' 
, .. 
IA "' 4A 
I 
8 
resistancf! 
'i . 
,1" 
-
before ~hd rrge 
' I·. 
' 
9 
\ 
Q) ,_, 
() 
'.-t 
1:: :> E 
o; •.-! 
" ,_, ,_, 
m •.-! 
"' 
3 
•.-! men 
m 1:: 
Q) Q) 
;.. m ., IA = 4A 
• 
c: >< I!) 
C') ,_, 1 ' 1:: 
m Q) 
m ;.. 
0 ;.. 0 ;.. ::s 
() () 
o; s 
Q) () 
Q) ;.. ....... 
b.O ::s l> 
o; ,_, 
"' 
,_, o; 
"" 
s 0 
0 ;.. 
:> o; :>. ,_, 
s:: s:: •.-! 
'M 'M :> 
·.-! 
Q) Q) ,_, 
b.O b.O •ri 
s:: s:: m 
o; o; s:: 
.s:: .s:: Q) 
0 2 1 3 4 5 6 7 8 9 10 
() () C'l.l 
Time 1n seconds 
FIG. 7.2.3 Machine response 
('b. . 
~ • >.} . ·'( ... 
. 80_ 
• 
. 70 
.50_ 
;..:> 
~ ["0 
<lJ . J . 
k 
k 
::l q 
<lJ • 40_ k 
::l 
;..:> 
" p 
'30. 
" ~ 
..... 
<lJ 
.20_ b!) 
~· 
" 6 
'10 . 
. 00_ 
I 
0 
Flf\, 7.2.4. 
2 '} .J. 4 
~Jachine model response 
5 (' 0 
Time in seconds 
. ·• 
IA = 5A 
I 
7 :\' 8 
,':! 
.. ! 
q 
oJ 
"" N 
Cl) 
0 
s:: 
o! 
~ 
UJ 
·..< 
UJ 
Cl) 
!-! 
~ 
00 
C<l 
UJ 
r/J 
0 
!-! 
0 
o! e 
0 
Cl) ...... 
bl) ~ o! 
+' 
..... ..... 
0 
... 
"" +' a ·..< 
·..< :> 
·..< 
Cl) ~ 
bl) ·..< 
s:: m 
o! s:: 
B Cl) Cf.! 
E !" 
u f~ 
,. 
l.' 
J "' 
·-· .;•, 
·-·.·' 
.• 
2 
~- '. 
-- ' . .,. 
::..t 
-·-~~ 
0 
-l .·.-· 
• l· 
·,-<, 
,._ 
~;~. . ., .•. ..!'. 
1 2 3 4 
FIG. 7.2.5 
'' 
·:,o : 
.. >. 
5 6 9 10 
Time in seconds 
Machine Response 
. ·.-· 
·_, __ 
..... · .... 
f'"'··;:· 
....... 
_, __ .,..:.;.;.__.,._;_; __ ~_ < 
.. :~~:-. ,..:.., -·-.! • . ';I 
IA = 5A 
CP 
w 
.30. 
• . 
. 80_ 
. 
-1 
<10 
,, 
. 70. 
~;50_ 
"' 
"' ::1 
t) ["0 
Cl. J ' 
"' ::1 ,_,
ol ~.40_ 
ol 
~ IA ~ 6A 
·r< 
~0.30. 
,::: 
'" .a 
u' 20_ \-' 
:m_ 
• 00_ 
0 2 3 4 5 6 7 8 
Time in seconds 
FIG. 7 .2.6. Machine model response 
J 
., " 
0 1 
'""·.-.J 
2 
'. 1 
3 
·--···--, ... ·-·~·~ ....... ~·· , ... ~ .. , ~ .. ' 
•' -. ~: ' i' •. ' • ' -' ... :~-i"i~:n~--~_:,- 1: -:~:·.r:77:r,~7-;z: ~ :~ 
.... ,:. ' <··· :. ,,\•: ! ·t·•: ·' -~' ,:·!" 
4 5 6 7 8 9 10 11 12 
Time in ·seconds 
FIG. 7.2.7 Machine response 
!L~ ·: 
~ ( ~ ' < ' 
\ 
IA "' 6A 
'· 
o.n 
• Jc. 
rn · ~(J(.J_ 
• 
'71) -1 
• {i[J, •10 
J 
( ------
·------..,-----~---·_;._--,---------~~------c-~-:---
. r) 
/ .. 
FIG. 7.2.8 
.1[ 
I 
,-
j G 
Time in Seconds 
Machine Model Response 
·-
,. 
= 7A 
·I, CP 
(J) 
,, ' 
I 
I 
,. ·. ·.: I 
' I 
I 
,·\'.' I 
.F I I 
I 
I 
r c c. ,.-I f I I U-
-
-I 
I 
,., 
it I 
I 
·\' 
\ 
'()) 
t) 
a 
o:! 
;..> 
Ul 
•.-l 
Ul 
()) 
1-< 
c: 
0 
C'l 
Ul 
Ul 
0 
1-< IA = 7A 
t) 
o! s 
c 
()) ....... 
b.() > 
o! tO 
;..> 
..... 0 
0 
;:. ;:., 
;..> 
d ..... 
. ,.; ;:. 
. ., 
()) ;..> 
b.O ..... 
a gJ c<l 
..c: ()) 
u (/) 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Time in seconds 
FIG. 7.2.9 Machine response 
ss 
TABLE 11 
Steady state field current 3.4A 
Change in armature series resistance 
Comparison of change in armature current. 
. Steady Theoretical Practical Percentage 
Time , State Change in Change in Difference 
in trmature Armature Armature Between 
. · : .. 
. : /;.:. ;.:, •. Secs . 1 
. c,~r;;n;, Current, _A Current,A Practice 
·:::~:c ·,cc '':."3':'~ -~"' . c .··· : . . .. . ·. ·. . : .. . : ;. .•·• . : .·. •. ·and Theory ·: 
0.1 I 4A 0.0280 0.025 -12.00 I 
' 
0.2 4900 Ohms 0.0276 0.030 8.00 
·' resistance 
0,3 connected 0.0271 0.029 6.55 
in parallel 
0,5 with 37 . 0. 0263 0.028 2.59 
ohms 
·• •... l.o resist. 0.0245 0.027 5.78 
2,5 0.0207 0.022 5.91 
' 
5,0 0.0178 0.018 1.10 
0.1 5A 0.0348 0.032 - 8.75 
0.2 3920 Ohms 0.0343 0.033 - 3.94 
resistance 
0.3 connected 0.0340 0.037 8.11 
in parallel 
0~5 with 28 0.0324 0,032 - 1.25 
ohms 
1.0 resist. 0.0300 0.030 . 0.0 
2.5 0.0250 0.027 7.41 
5,0 0.0218 0.023 6,57 
0,1 6A 0.0416 0.042 0.95 
9.2 3266 Ohms 0.0410 0.045 8,88 
resistance 
0.3 connected 0.040 0,046 13.04 
in parallel 
0.5 witli23.33 0.0384 0.043 10.69 
ohms. res is 
1.0 0.0350 0.038 7,89 
2.5 0,0292 0.028 
-
4,28 
5.0 0.026 0,025 4.00 
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TABLE 12 
Steady state field current 2.2A 
Change in series field resistance from 0.05 to 0.1 ohm 
Comparison of change in armature current 
I 
Time - Steady Theoretical Practical Percentage s;~s ~A~!:i~re Change in Change in Difference Armature Armature Between 
.c: .. ·.c:--"' ,. _Current Current, A Current,A Practice 
>· -.-- -----A --- t· - - ... ··-- .. _. -- . - . - · and Theory ·. -- -- .. ·---~- .- ·- ... · -
0.1 4A 0.0162 0.015 
-
6.66 
·' 0.2 0.0210 0.019 -10.55 
0.3 0.0230 0.021 - 9.25 
o. 5 0.0244 0.024 
-
2.50 
-
---: ,-~-- . -
--
. ·-- -- - - . 
1.0 0.0500 0,026 3.84 
5.0 0.0284 0.030 5.30 
' 10.0 0.0298 0.032 6. 87 
0.1 5A 0.0200 0.020 o.o 
0.2 0.0260 0.023 -13.04 
0.3 0.0290 0.028 - 3.57 
0.5 0.0300 0.029 - 3.45 
'1.0 0.0310 0.030 - 3,33 
5.0 0.0356 0.036 1.00 
0.1 6A 0.0240 0.024 .. o.o 
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0.2 0.0316 0.0300 - 5.33 
. I 0.3 0.0340 0.0320 - 6.25 
0.4 0.0350_ 0.0340 - 2.94 
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1.0 0.0370 0.0370 0.0 
5.0 0.0426 0.0450 5,33 
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TABLE 13 
Steady state field current 2.2A 
Change in series field resistance from 0.05 to 0.1 ohm 
Comparison of change in speed 
Time Steady Theoretical Practical Percentage 
in State Change in Change in Difference 
I SEJ_C~ Armature Speed Speed Between 
:,:J ', :::c"-'CurrenL , ,,,,, rev /mi n_~,: _ ,,'-rev /mi n - ,_,Practice~--
-
--·-
- - A __ and Theory 
0.5 4 - -0.69 -0.63 8.69 
-
1.0 -1.44 -1.37 
-
5.11 
2.0 -2.69 -2.75 2.18 
3.0 ,- .. -.. -, -3.68 -4.06 9.36 
5:0 -5.10 -6.87 25.76 
~0.0 -6.69 -7.81 14.34 
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2.00 
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TABLE 14 
Steady state field voltage 2.2A 
Change in armature , s_,r ies resistance 
Comparison of change in speed 
! 
Time Steady Theoretical Practical 
in State Change in Change in 
Secs Armature Speed Speed 
.. 
.. .. · 
.: . ,c . . . >-c.Current ,., . revfmin revfmin .·._ .. 1'-::·.c> ·c~·: :. ·-···~, ····. ji" ... ·c . 
i 
0.5 4A 1.60 l. 75 
.. 
1.0 4900 Ohms 3.04 3.50 
resistance 
1.5 switched 4.32 5.00 
in paralle' 
. ' • -~ -- <·--~ 2.0 with 35 ohm 5.46 6. 25. 
resistance 
3.0 7.40 9.37 
5.0 10.17 13.12 
' 
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resistance ' 
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resistance 
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.. 
. . -
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Change in speed from no load to full load and armature 
voltage are two important factors on which the main 
parameters Gl and G2 depend. 
Also the variation of voltage across the armature 
due to sparking, makes armature current vary as well. 
It can be seen from the machine response of change 
in armature current, that the output is varying around 
some average value, which makes it difficult to determine 
the change in armature current. There are additional 
reasons for not having closer comparison of theoretical 
and practical results. 
ollN oNO 
Parameters Gl and G2 depend upon llN, oiF and oiF" 
It can be observed from Figure 4.2 that for weakened 
field currents the machine cannot be run for full load 
current because of heavy sparking and therefore the 
N Vs IA characteristic has to be dependent largely on 
the few points available. Therefore llN for low values 
·of field current has a large margin within which its 
actual value may lie .and chances of error are more. 
If a salient pole machine, preferably with interpoles, 
is used then N Vs. IA characteristic can be obtained by 
running the machine up to full load current and there-
/ fore the value of llN will be more accurate .. 
Also the gradient oNO/oiF at lower field current 
has high sensitivity and therefore the tangent at any 
point should be drawn more accurately. 
3llN · Near rated field current, oiF becomes comparable 
to oNO/oiF and therefore accurate drawing of the tangent 
<.. 
------
·--·----..... (;: -~--· 
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at any point on 6N/IF characteristic is also an impor-
tant factor contributing towards the accuracy of the result 
The temperature of the room in which the machine is 
run, always remains nearly constant and therefore any 
change in. the resistance of the field and the armature 
winding due to the change in ambient temperature is small. 
Also due to a high resistance in series with the armature 
winding, any change in the armature resistance, due to the 
change in ambient temperature, will not make any effect 
on transient and steady state response. However in the 
absence of large resistance, where rated armature voltage 
is equal to the supply voltage, the brush contact resis-
. . I 
tance and the armature reaction becomes important along 
with ambient temperature and rise in temperature,!! is 
· .. ,shown in appendix 3 that, appoximately, for the stabilitY 
34> RT>-Ke. N d!A Therefore accurate measurements of 
armature resistance, taking effect of temperature in 
consideration, becomes an important factor, not only 
when comparing the machine model and machine response, 
but also for stability as well. 
The model has taken armature reaction into 
account hy considering flux per pole as a function 
of armature and field current. By comparing the 
results obtained from the machine and the model, 
it could be claimed that shapes of the two sets of 
responses are similar and transient and steady state 
responses generally close enough and could be useful 
for control applications. 
11 8 
This model needs the gradients Gl and G2 as its 
main parameters. Both Gl and G2 are functions of 
flux per pole, which in turn is a function of armature 
and field current. These parameters are affected by 
,'- ;~c,;,,::-_;_ ,:,,:~~~~-t~rjc~i~~~r,~~;·o; as can ~;_ ~een_fr~~~c~quations 4 •• 2;c ... 4•,•c,_,, ·'· ' 
.,., · ·c-::·; arid '4': 3.5.' The success of the IJ10del as the ·represen- · 
!hG 
tation ofAmachine demonstrates not only that the anal-
ysis is correct, but the special method of obtaining 
the parameters from the characteristics N Vs. IA, 
. c•••·.:-7--,~·~'''''' ._.,,.,.,.,,aflN Vs .---I:P. and. 3NO Vs ... IF. and the. relationship.. for 
calculating Gl and G2 are also correct. These para-
meters are derived from a set of N Vs. IA characteristics 
at different constant field currents. The experimental 
set is simple and performance of experiments is 
easy. The. success of this model, after taking into 
account the reasons given above, shows that the new 
approach of the model is comparable to any other 
approach as far as response is concerned. It is 
advantageous because of the ease with which para-
meters can be obtained from a set of N Vs. IA 
characteristics. The computer program for the 
model response gives change in armature current, 
field current and speed simultaneously. Their 
derivatives are also calculated. This gives a 
great advantage because states and their deriva-
tives are known, for any instant, and can be used 
• for designing a flexible control circuit. 
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To explain the time versus change in the speed 
and time versus change in the armature current charac-
teristics, when the field voltage is changed by 
changing a series resistance in the field circuit, 
the following equations can be used. 
E = Kl.N.<l> (7.2.1) 
T = K2.IM (7.2.2) 
LA diA . . (7.2.3) V = E+IA.RC + dt 
T-TR.= dN K.dt (7 .2.4) 
where Kl, K2 and K are constants. 
LA - inductance of armature winding 
RC- total resistance in the armature circuit. 
There will be a transient change in the field 
current when the field voltage is reduced. ·The change 
in the field current is shown in Fig. 7.2.la. and; will 
depend upon the series resistance and the time constant 
of the field winding.The .f'lux per pole will reduce as 
well and will follow the field current, if changes in 
the magnetic properties of iron due to saturation are 
ignored. The reduction of flux per pole, shown in Fig. 
7.2.lb, will reduce the back emf E, shown in Fig. 7.2.lc. 
Due to the reduction in the back emf E, the armature 
current will increase as shown in Figs. 7.2.2 to 7.2.9 
and Figs. 7 .2.16 to 7 .2.21 . 
------
12 0 
It can be seen from the time versus speed charac-· 
teristics of the machine and the model, shown ih Figs. 
7.2.22 to 7.2.27, that the speed is reducing. If the 
load torque is assumed to be constant, the reduction 
in the speed is due to the reduction in developed 
torque because the product TA.<Ii of equation 7.2.2, 
after the change became less than what it was before. 
Initially the flux per pole will fall very rapidly 
and the increase in the armature current will be very 
fast as well. The decrease in the speed will be very l 
slow due to the large mechanical time constant, corn-
pared to either the field winding time constant or 
the armature winding time constant. Therefore, as 
the flux per pole attains the steady state value, the 
speed will still continue to decrease. The_back emf 
will decrease according to the decrease in speed. The 
' armature current wiil be increasing but very slowly and 
because the flux is no longer changing, the torque given 
by equation 7.2.2 will increase until it is again equal 
to the load torque when the speed and the armature 
- current will attain the steady state value. 
The time versus change in speed and time versus 
change in armature current characteristics are explained 
below when the change in armature input voltage is made. 
The armature voltage is changed by changing the 
series resistance so that the armature current is 
increased. This increase in the armature current will 
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depend upon the time constant of the armature circuit. 
Figs. 7.2.10 to 7.2.15 show the time versus armature 
current characteristics of the modelandthe machine, 
when a change in the series resistance of the armatu~e 
circuit is made. speed· versus lime characteristics shown 
in Figs. 7.2.2~ to 7.2.33 are rising. It means that 
the developed torque, as given by equation 7.2.4, is 
exceeding the load torque and therefore accelerating ~ 
the motor. Due to the change in.the armature input 
voltage, the armature current will rise very rapidly, 
according to the time constant of the armature circuit, 
because initially the change in the back emf will be 
small due to slow rise in the speed and constant flux 
per pole. 
It can be seen from Figs. 7.2.10and7.2.15 that 
the armature current starts falling after attaining 
maximum. This is due to increase in the back emf. The 
developed torque will reduce as well and become equal 
to load torque when both the armature current and the 
speed will attain the new steady state value. It can 
be observed that the armature current is falling to 
the new steady state value very slowly. This is due 
to the fact that the speed is increasing slowly and 
the back emf is following the rise in speed. 
12 2 
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APPENDIX 1 
COMPUTER 
· . MASTER ~AOGR~M 
Pf:t.L lFc 
. RlH KE 
Rft!. PI 
H f Id. ~~ 
I>~ t.l KT 
PROGRAM· 
()I ~~ E ~- S ! IJ N X (7 ~).)) , l( A ( 7 (1 0 ) , Y ( 7 0 0) , Y .~ ( 7 0 0 ) 
D I•~ E '\ S I <! 'J ~ ( 1, , ' > , C \ .:. , 4 1 • q I '• , 4 l 
.. Di~ENS{J~ DV(4)•DDX14),·;XI4l 
))I >H:NS !•IN 0)'1 (4) 
. ··- ~-~-~---···- ·. COJ.iMOrJ/ J t.CC K1 I:.., C 
C0MM0N/:1!.lCk?/X•X4•Y,YI 
..... c 
c 
oo~·=,c·.·-.-:-· ···c 
. - -- - . 
~:- ·; - :.-- ;:_-_-; -
c 
c 
c 
c 
:C 
c 
c 
c 
c 
c 
() Y 1 (?. ) l S C ~: Mh t I t< A H n 11 < E 1 >I P Ll T V 0 l TA (j F. 
o·f, IS C•!~r·G£ H SP<<:~ ~~Or-< •JIJ Lo'•~O TO FuLL LOAO 
51 15 TtN(E~T AI A~V P0lNT ON flELO CURRE~T Vs nN CURVE 
S2 !S T~NGE~r ~~ A~Y ~O!Nl ON IF VS ~0 CUQV£ 
Z~ IS ~.J LD~) S~EfP,~n 
OX11l [; Tli1E Jt, str,'l~!'l". 
D X (2 ) IS' C H ;, ~~ li ;; I ;~ A ~ '·~ A T tJ k E C 11 ~ i! E tJT , A~ 
0Xt3l t:; CH,\•JGE l"i flti.·' C'li'Ri:'lT,A 
.OX14) I~ CHA~~E IN SPEF~ 
OflX(1) IS J;:~!l;.T[VE ~~~ Tl"l" 
t·vX(:?) IS 0;-:pi/.<TIV£ ·l~ CHA';G~ IN ~~··•ATU~~ Cll~R.:NT 
()vX(3) ·IS O~H•OT!Vi:. •lF CH~·,ue Pl.fl~LO CIIRRt:>;T 
ODX(4) I~ DtQIVAT)Vt UF CH4~GE !~ SPEEO 
!F=2.2 
CALL l '11034 
p:(: 
.· :· ··-·. ·~· AC.-2 
.. .. .. 2=~60 
____ ... : .. _· . rf:zi(2•3.1.',15,~1)S4) 
C1=9L; . 
C1= 30 
_ _.;: --- ------·.- -
---~;,-:· 
--·--·· ....... -
'. 
KE:::ZIAC~pl6() 
. ()Y"J{(!)~~. 
JIL:!l, 
Nlo:0,02i.12 
PI :d,14! S92654 
DVr:2,4 
zN~55.,llr50+2.w5V 
-·oo 11 JJ;1,s 
READ(1 o10)la,RAo~A1,qFF,PA 
1 o . r o n1 A r < J 1., 3 F7 , 3 1 F 1 1J , s > 
D~"DVT•~(l 
.R2:::1'•0./!A 
p1.~JA/OY1(~)•(R'**t).R7 
. ~I R 1 T E < ~ ;T9YR 1 
99 f0Q;1ATOH •E10,)) 
vA~240~,A1*IA-~I.*!A 
N = 7 N t [' ·~ • l i•.l i f. L 
D1~p~/(\?•PJ•~/6D)*t~) 
S1:::•40.~7•1~/IFL 
' 126 
S2K•A04.K4 .. 
. '- ____ .. __ -. --· --·· ... 
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APPENDIX 2 
MACHINE SPECIFICATION 
Generalised Machine 
Rotor: Standard two pole, continuous lap wound, arma-
ture with commutator. 
Moment of inertia 1.1202 -2 2 X 10 kg m 
Number of rotor induc- 560 
tors 
Number of rotor cir- 2 
cuits 
Number of turns per 5 
single coil 
Winding scheme Full pitch 
Rotor resistance at 0.46rl 
250C 
· Stator: Standard two pole, two phase, distributed winding 
Number of slots 36 
Winding scheme 4 winding groups 
9 coils per group 
18 turns per coil 
- Rotor Drive Motor 
D.C. shunt motor 
Voltage 240 volts 
Rated field current 0.562 amps 
Rated armature current 10.8 amps 
Armoture resistance at 
. 21 °c -
o. 72rl 
Number of poles 2 
131 
Number of interpoles 2 
Moment of inertia -2 2 1.2925 x 10 kg.m 
Tachometer 50 rpm/volt 
.. ---· 
1 ~ 2 
APPENDIX 3 
APPOX1MATE STABILITY CONDITION 
If a change is made in the armature input voltage, 
assuming f>T.Q. and l>V F zero, then according to the set 
of equations 3.3.17: and with F2=0, Hl=O due to negligible magnetic 
coupling between the field and the armature windings. 
l>VA = Rl>IA + Ke.~.L1N + Fl.Dl>IA 
0 = RTA.l>IA ~ ~~l .fiN- ~~J.DL1N 
0 = RF. 61F + H1 Dli!A + H2 Dli!F 
(A3.1) 
(A3.2) 
(A 3-3 ) 
'I'aking Lap lace transform of A3 .1 and A3. 2: 
l>V~(S) = R.l>IA(S) + Ke~.L1N(S) + Fl.S.l>IA(S) (A34.) 
0 = RTA.l>IA(S) - 26~Dl.L1N(S) - 26~ .S.l>N(S) 
l>N(S) _ RTA.l>IA(S) 
- ( ~~ )(DH-J'S) 
Substituting A3.5 into A3.4 
l>VA(S) 
s 
···- ~ 
R.l>IA(S) + Ke.~.RTA .l>IA(S) 
(2rr)(DI+J·S) 
-60 
(~~)(DH-JS).l>VA(S) 
1 (A3.5) 
+ Fl.S .l>IA(S) 
l>IA(S) = 2rr 2rr 
S[ 60 .R(DI+JS)+60 .Fl:S(DH-J·S) + Ke.~.RTA] 
(A3. 6 ) 
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For stability the real par~of the rootsof the denomina-
tor should be negative: 
211 211 ) 
60 R(Dl+J8) + 60 .Fl.8(Dl+J8 + Ke.~.RT~ = 0 
,81,82 = - 211 +I 211 2 2 211 ( 211 ""'A 60 (RJ+Fl.Dl)- ( ( 60) (R.J+Fl:Dl) -4. 60Fl.J 60R.Dl+Ke.~.n~ , 
(A3 .7 ) 
be negative unless RTA is negative and large such that 
Ke.~.RTA becomes more than ~~.RDl in that case. Insta-
bility is a certainty because then one of the roots will 
become positive. 
and large so that 
In the present case 
211 Ke. ~.RTA > 60 .RD1. 
RTA is positive 
The first term in the under root factor is always 
positive. From the above it can be concluded that the 
under root term, if positive, will always beless than: 
~~ (RJ+Fl.Dl) and if negative then it will be the 
imaginary part of complex roots. In either case now 
the stability depends upon the factor RJ+Fl.~, which 
• should be more than zero: 
134 
IM + Fl·DI> 0 
R>- F1DI J 
RT + a <I> KeN > F1Dt 
aiA • - J 
o<!> Fl:D! ( ) RT > - Ke.N. d!A - J A3,'6 
Factor FjDt in equation A3.B is small and positive 
and contributes marginally to the stability. Therefore 
for stability: 
a <I> RT > - Ke.N. oiA (A3.9) 
Accurate measurement of armature resistance, 
taking effect of heating into account and accurate 
measurement of brush contact resistance is very impor-
tant when there is no series resistance. 

